Abstract.-A protein extracted and partially purified (about 100-fold) from mouse liver is able to inhibit the acid DNases from different tissues and species, whereas pancreatic DNase and E. coli endonuclease I are not inhibited. The acid DNase displays typical Michaelis-Menten kinetics in the absence of this inhibitor, but the kinetics become sigmoidal in its presence. The existence of a DNase-inhibitor complex is demonstrated by physicochemical experiments. Moreover, the inhibitor is able to reactivate the DNase treated by urea, probably through a reassociation of the inactive monomers to a dimeric state. An allosteric model in which the DNase-inhibitor complex is composed of catalytic (DNase) and regulatory (inhibitor) subunits could explain these data.
Protein inhibitors of neutral deoxyribonucleases (DNases) are known" 2 but only preliminary and incomplete evidence suggests that this type of inhibitor exists for the class of acid DNases.3 This work describes a protein from the mouse liver, which binds to the acid DNase extracted from this organ and inhibits it. Kinetic data provide the first direct evidence for the allosteric model suggested by Bernardi.4 Materials and Methods.-Preparation and properties of mouse liver acid DNase have been described elsewhere5; its specific activity was 2.6 X 10'U/mg. Snail (Helix pomatia),/ beef spleen, and E. coli7 endonucleases were prepared in our laboratory. Pancreatic
RNase was purchased from Worthington. Reaction velocities were measured in 0.5 ml by the liberation of radioactive acid-soluble oligonucleotides from 3H-thymine labeled E. coli DNA at the specified concentrations (spec. act. 4.9 X 10'cpm/mumole of nucleotide) in 0.10 M acetate, 0.01 M EDTA buffer pH 5 at 37°C. Initial velocities varied linearly with the enzyme concentrations in the range used in this work (1 to 4 U/ml). The unit of enzyme activity is the amount of enzyme which releases 0.1 mjumole of acid-soluble nucleotide per min. Since the relative decrease of the initial velocity in the presence of the inhibitor varies with the substrate concentration, the unit of inhibitory activity is defined as the amount of protein responsible for a 50% decrease of the reaction velocity for a substrate concentration of 8 m.umoles/ml.
Results.-Preparation of the inhibitor: Each step was carried out at 4°C and all solutions contained 0.01 M 2-mercaptoethaniol. Fifteen grams of fresh liver from one-month-old inbred Swiss mice were homogenized with 75 ml of 0.14 M NaCl iii a plastic Potter-type homogenizer. The homogenate was centrifuged at 30,000 g for 20 minutes; acid DNase and histones were discarded with the pellet and the supernatant was treated with (NH4)2S04 between 35 and 75 per cent of saturation. The precipitate was then redissolved in about 15 ml of distilled water and dialyzed exhaustively against 0.05 M phosphate, pH 6.0. The dialyzate is devoid of any orcinol reactive material such as RNA, which is also an inhibitor of the enzyme. The proteins were chromatographed on a Carboxymethyl-Sephadex (CM-Sephadex) column (2.5 X 30 cm) equilibrated with 0.05
All phosphate, pH 6 .0, and then eluted with a continuous gradient between 0.05 913 11. phosphate, pH 6.0, and 0.5 M, pH 7.0. Fractions containing inhibitory activity were eluted between 0.3 M buffer, pH 6.5, and 0.4 M, pH 6.7; after pooling, they were concentrated by Carbowax (polyethylene glycol 20,000) and dialyzed against 0.05 M phosphate, pH 6.8. A column of hydroxylapatite (Bio-Rad Bio-Gel HTP) was equilibrated with 0.05 M phosphate pH 6.8. The CM-Sephadex fractions were chromatographed and then eluted with a continuous gradient between 0.05 M and 0.5 M phosphate pH 6.8. A sharp peak of inhibitor was eluted between 0.15 and 0.20 M phosphate buffer. At -20'C the inhibitory activity remains stable during about six months.
The extent of purificationt and yield are difficult to ascertain, since the liver homogenate contains unspecific inhibitors of the enzyme such as histones or RNA, which are removed during the purification procedure. The specific activity of the hydroxylapatite fraction is around 400 U/mg; the degree of purification can be estimated to be around 100 fold as compared to the inhibitor concentration in the liver extracts.
Influence of the inhibitor on the enzyme kinetics: The kinetics of the purified mouse liver DNase obey the classical M/lichaelis-Henry equation5 in the absence of inhibitor. But in its presence at pH 5.0, a plot of V against S results in a sigmoidal-shaped curve; the higher the concentration of the inhibitor, the more pronounced is the effect. The inhibition is overcome by increasing the substrate concentrations and, at the highest substrate concentration used (35 m'4moles/ ml), the inhibitory effect disappears (Fig. la) . The action of the inhibitor became less pronounced with a small increase of pH (pH 5.1-5.57), and at pH 5.57 the V versus S plot is no longer sigmoidal in the presence of a high concentration of inhibitor (Fig. lb) . The plot of V against inhibitor concentrations for different substrate concentrations displays a sigmoidal shape which varies with the substrate concentration (Fig. 2) . In each instance, V is reduced to 0 when enough inhibitor is added. Under our conditions, the products of the substrate hydrolysis do not modify the kinetics when added at time 0.
Properties of the inhibitor: The inhibitor was not dialyzable against 0.01 M phosphate, pH 7.5, or 0.1 M NaCl. Its activity was destroyed by heating at 70'C for 30 minutes or at 100'C for 10 minutes in 0.1 M NaCl. It was also destroyed by treatment" with trypsin (3 mg/ml) for 30 minutes at 370 in 0.05 M Tris-HCl pH 8.1. In contrast, the inhibitory activity was retained after treatment with pancreatic RNase at a concentration of 100 jg/ml in 0.1 M NaCl for 30 minutes at 370C. This control is a critical one because of the inhibitory properties of RNA on the mouse liver DNase.5 Sedimentation constants of 3S and 2. 1S. for the DNase and the inhibitor, respectively, have been determined by sucrose gradient centrifugation, using cytochrome c as an internal reference (Fig. 3a) . by the kinetic data can be ascertained by an experiment in which the addition of a given quantity of DNase to increasing amounts of inhibitor results in a progressive increase in the sedimentation constant of the peak of DNase activity (from 3 to 3.4S) (Fig. 3a) . The level of enzyme activity in the heavier peak is greatly reduced but can be restored to its initial value by increasing the substrate concentrations (Fig. 3b) ; each of these findings provides direct proof of the presence of the inhibitor in this peak.
Subunit reassociation of acid DNase by the inhibitor: As demonstrated by Bernardi4 9 the hog spleen acid DNase is made of two subunits dissociable by urea; the monomers are not active on DNA. The following experiment shows that the inhibitor is able to reactivate the urea-treated enzyme. Beef spleen acid DNase was treated with 8 M urea at 40C during 16 hours in 0.1 A1l acetate, 0.01 21! EDTA, pH 5.0 buffer. After exhaustive dialysis, an aliquot was incubated with the inhibitor at 40C during 16 hours in the same buffer. Sucrose gradient centrifugation did not reveal any enzymatic activity whereas in the presence of inhibitor an active fraction could be detected in the presence of excess substrate (Fig. 4) . The amount of recovered activity is a function of time of incubation with the inhibitor. In our experimental conditions 20 per cent only of the initial activity is recovered. The activity bands at a peak whose sedimentation constant is slightly below the constant for the untreated enzyme-inhibitor complex. The most likely interpretation for these data is that the inhibitor is able to interact with two monomers which are then close enough to be reassociated back to an enzymatically active dimeric form.
Discussion. -Mouse liver contains a protein which is able to inhibit the acid DNase extracted from the same organ as well as other acid DNases (beef spleen and Helix pomatia). In contrast, pancreatic DNase and E. coli endonuclease I are not inhibited.
The kinetic data show that (a) at high concentration, the substrate is able to compete with this inhibitor to reverse its action, (b) in a V versus S plot, the were obtained only for the phosphodiesterase activity which has been recently demonstrated' to be associated with a protein different from the one possessing nuclease activity and no data on homotropic or heterotropic effects on polynucleotide substrates were offered. Our data provide now an explanation for the lack of such effects which could not be observed on pure enzyme preparations in the absence of the inhibitor.
Two other examples of proteins able to specify the activity of other catalytic proteins are aspartic transcarbamylase'2 and lactose synthetase. 1" In both these cases, the regulatory subunits can be isolated free of the catalytic subunits which retain some activity.
The interaction of acid DNases, which are a quasi-universal component of animal cells, with protein regulators would be of obvious importance in understanding, at the molecular level, such important biological events as DNA replication, recombination, integration, excision after irradiation or viral induction. As mentioned by Lehman,'4 the comparison of the specificity of these DNases in the absence or in the presence of their effectors (protein or DNA) would be of prime interest for this purpose.
